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Abstract

Anthropogenic nutrient enrichment of the coastal zone is now a well-established fact. However. there is dtill
uncertainty about the mechanisms through which nutrient enrichment can disrupt biological communities and
ecosystem processes in the coastal zone. For example, while some estuaries exhibit classic symptoms of acute
eutrophication, including enhanced production of algal biomass, other nutrient-rich estuaries maintain low algal
biomass and primary production. This implies that large differences exist among coastal ecosystems in the rates
and patterns of nutrient assimilation and cycling. Part of this variability comesfrom differencesamong ecosystems
in the other resource that can limit algal growth and production — the light energy required for photosynthesis.
Complete understanding of the eutrophication process requires consideration of the interacting effects of light and
nutrients. including the role of light availability as aregulator of the expression of eutrophication. A simple index
of the relative strength of light and nutrient limitation of algal growth can be derived from models that describe
growth rate asa function of these resources. Thisindex can then be used as onediagnostic to classify the sensitivity
of coastal ecosystems to the harmful effects of eutrophication. Here | illustrate the application of this diagnostic
with light and nutrient measurements made in three California estuaries and two Dutch estuaries.

Introduction erful empirical models of lake eutrophication. These

models describe algal biomass as a function of nu-

Nutrient enrichment of the coastal zoneis now a well-
established fact. We know, for example, that nutrient
loadings to the Baltic Sea. North Sea. Adriatic Sea,
Gulf of Mexico, Chesapeake Bay. and San Francisco
Bay have increased this century, especially during the
rapid growth of population. agriculture and fertilizer
production beginning in the 1950’s (Nixon, 1995).
Coastal eutrophication is a societal concern because
anthropogenic nutrient enrichment can stimulate al-
ga production and biomass accumulation, leading to
events of anoxia and large-scale mortalities of fish and
shellfish (Rosenberg & Loo, 1988).

The study of coastal eutrophication is young and
lags by about two decades the effort of limnologists
(Nixon, 1995). who produced a set of simple but pow-

trient loading normalized to lake basin morphometry
and hydraulics (Dillon & Rigler. 1975: Vollenweider
& Kerekes, 1980). They are based on the precepts
that phytoplankton biomass (as chlorophyll concentra-
tion) is a meaningful indicator of lake trophic status,
and that phytoplankton biomass is regulated by the
nutrient (P) resource. Our collective study of coastal
eutrophication has not yet produced a model analog to
describe the functional relation between phytoplank-
ton biomass and nutrient loading. although we have
followed the lead of our limnologist colleagues. For
example, Gowen et al. (1992) proposed an equation
to calculate the potential yield of phytoplankton bio-
mass in coastal ecosystems as a function of nutrient
(N) loading. Most reviews of coastal eutrophication



expression of eutrophication can be constrained by the
set of physical processes that govern the availability of
sunlight energy to the phytoplankton. This constraint
is powerful in turbid coastal systems such as San
Francisco Bay (Cloern, 1987), Ems-Dollard estuary
(Colijn, 1984), Schelde estuary (Kromkamp & Peene,
1995), and the Mississippi River plume (Lohrenz et
al.. 1990) where photic zones are shallow, fluctuations
in primary productivity are highly correlated with light
availability, and where nutrient concentrationsare per-
sistently high because the light limitation of photosyn-
thesis also limits the capacity of the phytoplankton to
assimilate and transform dissolved nutrients into new
algal biomass. Among some coastal ecosystems, light
availability appears to be an equally good predictor
of phytoplankton primary production as nutrient load-
ing (Figure 1b). 'I'nerefore. management strategies to
protect coastal ecosystems from acute responses to eu-
trophication should be developed around the concept
that algal population growth and production can be
limited by other resources (and processes) in addition
to nutrient loading.

Our slowness at developing a general model of
phytoplankton resource limitation comes; in part. from
the absence of a simple assay for measuring light
limitation of phytoplankton in nature. Considerable
cffort has been directed to assess nutrient limitation
with inesocosm experiments (Riemann et al., 1988:
Oviatt et a.. 1995; Escaravage et al.. 1996), bioas-
says (Granéli, 1987). and measures of algal elemental
composition (Paasche & Erga, 1988) or nutrient ra-
tios (Bauerfeind et a., 1990; Fisher et a., 1992).
A much smaller effort has been directed to compare
light and nutrients as limiting resources, although re-
cent developments have included use of steady-state
models of phytoplankton biomass (Carignan & Plenas,
1994), dynamic models of estuarine eutrophication
(DeGroodt & de Jonge, 1990; Madden & Kemp,
1996), and simple scaling of the light and P re-
source in lakes against the phytoplankton demands
(Millard et al., 1996), as approaches to distinguish
conditions of light and nutrient limitation. Pennock
& Sharp (1994) combined the light-limitation model
of Wofsy (1983)with nutrient bioassays to infer large
spatial and seasonal variations in the relative strength
of light and nutrient limitation in Delaware Bay. Are
there other approaches we can follow to assess the
resource limitation of algal growth. and can these
approaches be used to classify the susceptibility of
coastal ecosystems to the stimulation of algal produc-
tion in response to eutrophication'?Here | suggest one
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index of resource limitation, and then illustrate its ap-
plication with measurements made in estuaries of the
Netherlands and California.

A phytoplankton growth-rate model

I'he analyses presented here begin with a model of
phytoplankton population growth:

u = PB(ChL:C) — r, ()

where /1 is the specific growth rate (d=!), P8 isdaily
carbon assimilation rate per unit chlorophyll [mg C
(mg Chl a-d)~']. Chl:C is the ratio of phytoplank-
ton chlorophyll to carbon biomass (g ¢~ '). and r is
respiratory loss (d~!). This equation describes algal
population growth as the product of the carbon assim-
ilation rate P# (afunction of photosyntheticefficiency
and light availability) and the ratio Chl:C (a func-
tion of temperature, photo-adaptation, and nutrient
availability). Therefore. the model includes functional
responses of population growth to both the light and
nutrient resources required for the synthesis of new
algal biomass. | assume here that the critical nutri-
ent is nitrogen (e.g. Smetacek et al., 1991: de Jonge
et a.. 1995; Wetsteyn & Kromkamp, 1994: Oviatt
et al., 1995), but the analysis can be extended to
consideration of limitation by other elements. Other
approaches have been used to model algal growth. but
the model used here includes an interactive response
to light and nutrient availability such that algal growth
efficiency in low-light environments is enhanced by
nutrient enrichment (Cloern et al., 1995): this inter-
active effect is not included in models that describe
growth rate as the product or minimum of separate
light- and nutrient-limitation functions.
Implementation of equation 1 requires functional
descriptions of the three components of growth: the
photosynthetic rate P#. the Chl:C ratio. and the res-
piration rate » Cloern et al. (1995) fit Equation (1) by
least squares to 145 measurements of growth rate and
photosynthesis from published experiments with algal
cultures. giving estimates of the respiration loss:

u = 0.85PB(Chl:C) - 0.015. (2)

The daily carbon assimilation rate P2 can be cal-
culated from the diel- and depth-variations of sun-
light, and parameters of the photosynthesis-irradiance
function (e.g Platt et a.. 1990).

PP = pEIL = exp(~ L0/ pE)]. 3)
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Figure 2. Contoursof calculated phytoplankton growth rate (from Equations (2) and (5)) asa function of mean daily light exposure |' (= 1/Ky)
and concentrationof limiting nutrient N' (= N /K n). The contour swere produced by inter polation (kriging) of growth ratescalculated at 7750
combinationsof I' and N’ between 0 and 6.25 (= 0-15 mol quantam—2 d~! and 0-15 xM DIN, respectively).



































